uring vascular development, endothelial cells (ECs) establish cell-cell junctions, acquire an apical-basal polarity, deposit a basement membrane (BM), and form the vessel lumen. 1 The endothelial BM mainly comprises Col (collagen)-IV, laminins, and proteoglycans, and it provides a structural scaffold for adhesion and migration of ECs. The BM also offers a structural support for pericytes, which grab the endothelium in the microvessels and provide stability to nascent vessels.
D
uring vascular development, endothelial cells (ECs) establish cell-cell junctions, acquire an apical-basal polarity, deposit a basement membrane (BM), and form the vessel lumen. 1 The endothelial BM mainly comprises Col (collagen)-IV, laminins, and proteoglycans, and it provides a structural scaffold for adhesion and migration of ECs. The BM also offers a structural support for pericytes, which grab the endothelium in the microvessels and provide stability to nascent vessels. 1 Integrins are a family of heterodimeric transmembrane receptors consisting of α and β subunits that are involved in cell-extracellular matrix (ECM) adhesion and cell-cell interactions. 2 Integrin-mediated adhesion of ECs to ECM controls cell shape, cell migration, and cell proliferation, and it contributes to the establishment of the apical-basal polarity. [2] [3] [4] Endothelial β1 integrins regulate BM deposition, cell-cell junction integrity, vessel wall organization, and blood vessel stability. 4 Consequently, Tie2-Cre-mediated deletion of β1 integrins in ECs in mice leads to defects in angiogenic sprouting and vessel branching, causing embryonic lethality around embryonic day (E) 10.5. [5] [6] [7] Moreover, VE (vascular endothelial)-cadherin-mediated ablation of endothelial β1 integrins results in loss of apical-basal polarity leading to defective arterial lumen formation between E14.5 and E17.5. 3 The intracellular signals downstream of integrins that contribute to embryonic vascular development are, however, only partially understood.
Integrins relay signals from the ECM into the cell by recruiting adaptor and signaling proteins to their cytoplasmic domains. 8 Parvins are actin-binding proteins that consist of 2 in tandem calponin homology domains that facilitate the interaction of integrins with the actin cytoskeleton. Parvins together with ILK (integrin-linked kinase) and PINCH (particularly interesting new cysteine-histidine protein) form the ILK-PINCH-parvin (IPP) complex, which critically regulates integrin-ECM interactions and stress fiber formation. 8 As such, the IPP complex is a key regulator of EC behavior and vascular development. [9] [10] [11] For example, endothelial-specific ablation of ILK in mice (ILK DEC ) leads to early embryonic lethality around E10.5. 9 The endothelium expresses 2 parvin isoforms: α-pv (α-parvin) and the β-pv (β-parvin). 12 Although α-and β-pv possess identical domain structures and share a high level of sequence similarity, only the expression of α-pv in ECs is needed for vascular development. 10, 11, 13 While α-pv −/− mice die at midgestation because of multiple cardiovascular defects, β-pv −/− mice are viable, fertile, and do not show any overt embryonic phenotype. 10, 13 Constitutive endothelial deletion of α-pv in mice leads to late embryonic lethality associated with vessel rupture and hemorrhages. 11 Moreover, postnatal induced EC-specific deletion of α-pv causes retinal hypovascularization because of reduced vessel sprouting and excessive vessel regression. 11 Together, these data indicate that α-pv is required for the formation of stable, nonleaky blood vessels. 10, 11 Whether β-pv can compensate the loss of α-pv in ECs during early embryonic vessel development is not known.
To assess the role of parvins in developing vasculature, we generate mice with ECs lacking both parvin isoforms. To do this, we constitutively delete α-pv in the ECs in β-pv −/− mice (α-pv
). Here, we show that α-pv ΔEC ;β-pv −/− embryos display severe hemorrhages in the head and trunk and mainly die between E11.5 and E12.5. Moreover, we show that parvins are required for endothelial cell-cell junction organization, endothelial apical-basal polarity, and proper assembly of the BM. Our results also indicate that parvins are fundamental for proper vascularization of the central nervous system (CNS).
Materials and Methods

Mutant Mice and Genetic Experiment
To generate mice with ECs lacking α-and β-pv, β-pv −/− mice 13 were bred into a background of α-pv floxed/floxed (α-pv fl/fl ) mice. 11 β-pv −/− mice were generously provided by Dr Reinhard Fässler. To delete α-pv in ECs, Tie2-Cre transgenic mice were bred with α-pv fl/fl ;β-pv −/− mice. All mouse lines were in C57BL/6 genetic background. The death of the embryos was determined by the absence of heartbeat. All experiments with mice were performed in accordance to German guidelines and regulations, and protocols were approved by the Committee on the Ethics of Animal Experiments of the Ludwig Maximilian University of Munich.
Antibodies
The following primary antibodies were used (Table I in the onlineonly Data Supplement). For secondary detection, species-specific Alexa Fluor-coupled secondary antibodies (Invitrogen) were used.
Whole-Embryo Immunohistochemistry
Staged embryos were dissected in PBS and their genotype determined by polymerase chain reaction. Embryos were fixed overnight in fixation buffer (80% methanol and 20% DMSO [dimethyl sulfoxide]). Samples were rehydrated in 0.1% Tween-20 in PBS, incubated in blocking buffer (0.1% Triton X-100 and 5% BSA in PBS) for 2 hours, washed 2× in PBS, and exposed to primary antibodies overnight at 4°C. After 5 to 7 hours of washing with 0.1% Tween-20 in PBS, samples were incubated with secondary antibodies overnight at 4°C.
Whole-Hindbrain Immunohistochemistry
Dissection and labeling of hindbrains was performed as described previously.
14 Briefly, hindbrains were fixed for 2 hours on ice in 4% paraformaldehyde in PBS, incubated in blocking buffer (0.3% Triton X-100 and 1% BSA in PBS) for 2 hours, washed 2× in PBS, and incubated with isolectin-B4 and primary antibodies diluted in PBS overnight at 4°C. After washing 3× with 0.1% Triton X-100 in PBS for 15 minutes, secondary antibodies were applied for 2 hours at room temperature (RT). After washing 3× with PBS for 15 minutes, sections were embedded in Fluoromount (cat. No. 0100-01; Southern Biotech).
Histology of Embryo Sections and Immunostaining
Immunofluorescence studies of embryos were performed as described earlier.
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Paraffin Sections
Embryos were fixed for 24 hours at 4°C in 4% paraformaldehyde in PBS and embedded in paraffin. Individual 10-μm sections were mounted on adhesive glass slides coated with Poly-l-Lysine, dewaxed in xylene, and rehydrated in descending graded ethanol. Then, paraffin sections were incubated in blocking buffer (0.1% Triton X-100 and 3% BSA in PBS) for 1 hour at RT, followed by incubation with primary antibodies overnight at 4°C. After washing 3× with 0.1% Triton X-100 in PBS for 15 minutes, secondary antibodies were applied for 1 hour at RT. After washing 3× with PBS for 15 minutes, sections were embedded in Fluoromount.
Frozen Sections
Embryos were fixed for 24 hours at 4°C in 4% paraformaldehyde in PBS. Next, embryos were transferred to 30% sucrose in PBS in 15-mL tubes and kept at 4°C for 2 to 3 days until embryos had sunken to the bottom of the tubes. Then embryos were embedded in TissueTek (cat. No. 25608-930; Sakura). Individual 12-µm sections were mounted on glass slides. Then, cryosections were incubated in blocking buffer for 1 hour at RT, followed by incubation with primary antibodies overnight at 4°C. After washing 3× with 0.1% Triton X-100 in PBS for 15 minutes, secondary antibodies were applied for 1 hour at RT. After washing 3× with PBS for 15 minutes, sections were embedded in Fluoromount.
Imaging and Quantification
Quantitative analysis of vascular parameters in embryonic hindbrain vasculature was performed as described previously.
14 To quantify vascular branchpoints, 3 randomly chosen fields of 0.25 mm 2 were acquired from each side of the hindbrain using a stereomicroscope, and vascular intersections in each field were counted. The numeric value of all fields from 1 hindbrain was averaged and used as the final value for that hindbrain. A minimum of 3 hindbrains of each genotype from at least 2 litters were analyzed. To quantify vessel diameter, filopodia per vessel length, length of filopodia, and the elongation index of ECs a minimum of 4 fields (using ×40 objective) were acquired from each side of the hindbrain using a TCS SP5 or TCS SP8 confocal microscope (Leica). Quantitative analysis was performed as described to quantify vascular branchpoints. Images were processed with the Image-J software, LAS Montage Imaging software (Leica), and the IMARIS Digital Imaging software (Bitplane).
To quantify elongation index of endothelial tip cells, 3-dimensional confocal stacks (using ×40 objectives) of CNS sprouting vessels were acquired from paraffin and frozen sections of E11.5 embryos stained with endomucin (endothelial marker) and TO-PRO-3 (nuclear marker). Endothelial tip cell identification was based on their leading position in the vascular sprouts and the presence of filopodia. The 
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Statistical Analysis
Statistical analysis was performed using Mann-Whitney U test. At least 3 independent experiments were performed. χ 2 test was conducted to compare the observed embryo genotype ratios with the expected Mendelian ratios.
Results
Mice With ECs Lacking α-pv and β-pv Die Between E10.5 and E12.5
To assess the role of endothelial parvins in the developing vasculature, we generated mice with ECs lacking α-pv and β-pv by deleting α-pv in ECs in β-pv −/− mice. 13 To do this, we crossed α-pv fl/fl ;β-pv −/− mice with mice expressing the Cre recombinase under the control of the Tie2 promoter (Tie2-Cre). 15 The resulting α-pv Figure 2C ). Highmagnification analysis of the vasculature at the middle region of the hindbrains showed long and slender sprouts in control samples ( Figure 2D ). In contrast, sprouts in α-pv ΔEC ;β-pv −/− hindbrains were enlarged and extended bursts of filopodia that were longer and more abundant than in control vessels ( Figure 2D and 2E). We also frequently observed endothelial tufts lacking filopodia in α-pv ;β-pv −/− vessels VE-cadherin was found in intracellular punctate clusters, and its junctional distribution was diffuse and discontinuous ( Figure 4A and 4B ). In line with this, junctional distribution of β-catenin was also discontinuous in hindbrain vessels of α-pv ΔEC ;β-pv −/− embryos ( Figure 4C ). Mislocalization of VE-cadherin destabilizes the adherens junctions and reduces the barrier properties of the endothelium. 16 To assess the barrier properties of the CNS vasculature of α-pv ΔEC ;β-pv −/− embryos, we performed immunostaining of E11.5 hindbrains and embryos with an antibody against the Glut1 (glucose transporter-1)-a widely used marker of blood-brain barrier integrity. 17 The analysis revealed that although CNS vessels in control embryos displayed prominent endothelial Glut1 stain, a high fraction of CNS vessels in α-pv ΔEC ;β-pv −/− embryos showed low or absent Glut1 stain ( Figure 4D and 4E) . The phenotype was more prominent in enlarged parvin-null vessels. Altogether, these results indicate that loss of parvins impaired endothelial junctions and compromised the barrier functions of CNS endothelium.
Parvins Regulate EC Shape
High-magnification morphological analysis of EC shape in endothelial sprouts invading the neuroepithelium from the perineural vascular plexus and hindbrain vessels revealed that ECs from α-pv ΔEC ;β-pv −/− embryos appeared conspicuously round compared with ECs from control embryos ( Figure 5A and 5B). Quantification analysis of the cellular elongation index showed that ECs lacking parvins were significantly less elongated than control ECs ( Figure 5C and 5D) . Integrins transduce signals from the shear stress to induce elongation of the ECs. 18 The observation that parvin-null endothelial tip cells, which are not subjected to blood flow, 1 appeared also round suggested that decreased EC elongation in α-pv ΔEC ;β-pv −/− embryos was independent of shear stress signals ( Figure 5D ). To confirm this hypothesis, we isolated ECs from controls and α-pv ΔEC ;β-pv −/− embryos, plated them on cross-linked gelatin, and studied cell shape under static conditions. After 12 hours in culture, control and parvinnull ECs adhered, spread, and formed small, round clusters ( Figure 5E and 5F ). Quantification analysis of the cellular elongation index showed no differences between control and parvin-null cells ( Figure 5H ). After 48 hours in culture, control ECs organized into compact tube-like structures and exhibited spindle-shaped morphology with their long axis aligned parallel to the tube ( Figure 5G ). In contrast, parvin-null ECs formed tube-like structures with many intercellular gaps and appeared significantly less elongated ( Figure 5G and 5H) . Like in vivo, parvin-null ECs displayed disorganized cell-cell junctions compared with control cells (Figure 5G ). These results indicate that parvins regulate EC shape and cell-cell junction organization independent of shear stress signals. Cell-cell junctions are needed for the establishment and maintenance of endothelial apical-basal polarity. 16 To examine whether loss of parvins affects EC polarity, we immunostained paraffin sections of E11.5 control and α-pv ΔEC ;β-pv −/− embryos for the apical marker PODXL (podocalyxin) and the basal marker Col-IV. 19 In control vessels, PODXL stain was enriched along the apical (luminal) membrane of the ECs, and Col-IV was restricted to the basal (abluminal) surface, where it was evenly distributed ( Figure 6A and 6B) . In contrast, α-pv ΔEC ;β-pv −/− vessels displayed unpolarized PODXL stain and abnormal intracellular PODXL aggregates ( Figure 6A ). Moreover, Col-IV stain was unevenly and discontinuously distributed along the BM domain but also along the luminal surface of the vessels ( Figure 6B ). Quantification analysis revealed that 38% of α-pv ΔEC ;β-pv −/− vessels showed impaired PODXL distribution and inverted localization of Col-IV stain ( Figure 6C ). In line with these observations, the cellular distribution of moesin-another marker for the apical surface of the vessels-was also unpolarized in ECs of α-pv ΔEC ;β-pv −/− vessels ( Figure IV in the online-only Data Supplement). Together, these findings indicated that loss of parvins impairs endothelial apical-basal polarity and BM organization.
Endothelial β1 integrin signaling controls expression of BM components and proper organization of the vessel wall. 4, 20 To analyze whether parvins are required for expression of matrix components, we performed whole-mount immunostaining of control and α-pv ΔEC ;β-pv −/− hindbrains using antibodies against for Col-IV, laminin 511, and fibronectin and found comparable stains around control and α-pv Pericytes spread on the endothelial BM and control vessel morphogenesis. 21 To address whether loss of endothelial parvins altered pericyte morphology/spreading, we performed whole-mount immunostaining of hindbrains with isolectin-B4 and the pericyte marker NG2 (neural/glial antigen 2). The analysis showed that in control vessels, pericytes were closely attached to the endothelium and covered almost the entire vascular network (Figure 7 ). In contrast, in α-pv ΔEC ;β-pv −/− hindbrains, pericytes were conspicuously round, and many vessels showed deficient pericyte coverage (Figure 7) . The presence of pericytes in endothelial sprouts at the midline vasculature of the α-pv ΔEC ;β-pv −/− hindbrains suggested no defects in pericyte recruitment to the vessel (Figure 7 ). In agreement with our previous observations, 11 embryos with ECs lacking only the α-pv isoform displayed unaltered pericyte vessel coverage ( Figure V in the online-only Data Supplement). Together, these findings suggested that endothelial parvins are dispensable for recruitment of pericytes to blood vessels but are required for proper pericyte-vessel interaction.
Discussion
We have previously showed that α-pv controls sprouting and stability of developing vessels by promoting EC migration and cell-cell junction integrity. 11 Here, we show that β-pv compensates the loss of α-pv in ECs during early blood vessel development. We also show that α-pv and β-pv are required for the proper distribution of VE-cadherin at cell-cell junctions and thereby for the establishment of the EC apicalbasal polarity and the organization of the BM around vessels. Consequently, loss of parvins also resulted in altered pericytevessel interaction. Finally, our data indicate that parvins are essential for proper CNS vascularization.
Development and function of vessels require integrinmediated adhesion of ECs to the ECM. Among all integrins expressed by ECs, only β1 integrins are critically required for embryonic vascular development. 2 Endothelial β1 integrins support embryonic angiogenic sprouting and microvessel branching in brain and heart, and its deletion leads to embryonic lethality around E10.5 [3] [4] [5] [6] [7] . β1 integrin signaling rely, in part, on its interaction with the IPP complex, which connect β1 integrins with the actin cytoskeleton. 8 The stability of the individual IPP components is dependent on complex formation because depletion of 1 member of the complex results in a proteasome-mediated degradation of the other components. 8 Certain cell types, including the ECs, express 2 types of IPP complexes; 1 containing α-pv and the other containing β-pv.
12,22 These 2 types of complexes are mutually regulated at different levels. For instance, (1) binding of α-pv and β-pv to ILK is mutually exclusive, and (2) α-pv and β-pv negatively regulate the expression of each other. 22, 23 Genetic studies in mice indicate that only ILK/α-pv/PINCH complex is needed for embryonic vessel development. 10, 13 While constitutive deletion of α-pv leads to embryonic lethality associated with vessel rupture, β-pv −/− mice do not show any embryonic phenotype. Moreover, mice lacking α-pv specifically in ECs (α-pv ΔEC mice) die between E15.5 and birth. 11 Here, we show that mice with ECs lacking the 2 types of IPP complexes die earlier than α-pv ΔEC mice. Similar to ILK ΔEC mice, which die approximately around E10.5, α-pv ΔEC ;β-pv −/− mice die around E11.5. These results indicate that although being dispensable for embryonic vessel growth, the ILK/β-pv/PINCH complex can compensate the loss of ILK/α-pv/PINCH complex during early embryonic vessel development. These observations suggest that the 2 types of IPP complexes have certain compensatory functions in ECs but also that α-pv has specific functions that β-pv cannot compensate. These data are in agreement with in vitro studies showing that although sharing certain properties, such as ILK binding and focal adhesion localization, α-pv and β-pv have distinct specific roles in the regulation of cell behavior.
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β1 integrin signaling in ECs controls CNS vascularization by regulating cell migration and invasion into the neuroepithelium. 7 Our data show that loss of endothelial parvins results in defective angiogenesis in the CNS leading to impaired invasion of EC into the neuroepithelium and reduced vascular density in the brain and spinal cord. The presence of enlarged vessels with filopodial bursts, together with the reduced vessel branching and the normal proliferation of parvin-null ECs, is in agreement with a main role of parvins in the regulation of β1 integrin-mediated EC migration. 11 The α-pv ΔEC ;β-pv −/− embryos also exhibit reduced intersomitic vessels and immature capillary beds in non-neural tissues indicating that although the angiogenic defects are more prominent in the CNS vasculature, they are not exclusive of neural tissues. Depletion of parvins causes severe hemorrhages that are associated with vessel rupture and incorrect distribution of VE-cadherin at cell-cell junctions. On loss of parvins, VE-cadherin localizes in intracellular clusters, and its junctional distribution is diffuse and discontinuous. This is in line with a recent report showing that β1 integrins stabilize endothelial junctions in developing vessels via regulating the trafficking and localization of VE-cadherin. 4 Destabilization of cell-cell junctions causes the loss of apical-basal polarity in ECs, which is required for directed secretion of ECM components at the basal surface of the vessels. 1, 16, 24 Therefore, it is tempting to speculate that loss of endothelial apical-basal polarity, the abnormal deposition of ECM components at the luminal surface of the vessels, and the rupture of BM observed in α-pv ΔEC ;β-pv −/− embryos are consequences of impaired cell-cell junction stability caused by incorrect localization of VE-cadherin. The apical-basal polarity defects and BM rupture observed in α-pv ΔEC ;β-pv −/− vessels are in agreement with a study showing that ILK is required to orient the apicalbasal axis in glandular epithelium, and its depletion in epithelial cells causes the rupture of the BM. 25 The BM provides a structural support for the interaction of the pericytes with the endothelium. 21 Thus, BM defects caused by loss of endothelial parvins might negatively affect the capacity of pericyte to spread along the vessels.
It has been shown that VE-cadherin-Cre-mediated depletion of β1 integrin leads to loss of endothelial polarity, occlusion of medium-size vessels, and embryonic lethality between E13.5-E17.5. 3 The lumen occlusion phenotype is first observed at E14.5 when the VE-cadherin-Cre line has full penetration. 3 Our results indicate that parvins are required for apical-basal polarity of ECs but dispensable for lumen formation. The early lethality of α-pv ΔEC ;β-pv −/− embryos precludes the analysis of vascular phenotypes that occur later than E13.5.
Cavernomas are vascular malformations in the brain and spinal cord that consist of large and irregular clusters of hemorrhagic dilated vessels and altered subendothelial matrix. 16 Cavernomas develop as a result of defects in endothelial junctions that cause loss of apical-basal polarity in the endothelium. 16, 24 Cerebral cavernous malformation (CCM) is a human disease characterized by the presence of cavernomas in the brain, and it occurs as a consequence of loss-of-function mutations in genes encoding for the CCM proteins. 16 The CCM proteins form the CCM complex that controls VE-cadherin localization, cell-cell junction stability, and maintenance of endothelial apical-basal polarity. 24 CCM proteins regulate cell-cell junction stability, in part, by modulating β1 integrin signaling in ECs. 26, 27 Interestingly, mice with ECs lacking β1 integrins displayed hemorrhages in the head, cerebral hemangiomas, and dilated brain vessels. 6 Here, we show that CNS vessels of α-pv ΔEC ;β-pv −/− embryos are fragile, dilated, and form large, irregular hemorrhagic balloon-like aggregates. These vascular defects resemble the ones described in mouse models linked to CCM 24 and other human disease with vascular malformations in the CNS, such as diabetic retinopathies. [28] [29] [30] It would be of great interest to determine whether alterations in parvins or the other components of the IPP complex are involved in human vascular pathologies.
